Premise of research. Rooting structures were major contributors to Devonian global change, but anatomically 13 preserved plant roots are rare from this period. We report a new type of plant axis from the Upper Devonian strata of 14 South China that contains a protostele, relatively extensive secondary xylem and adventitious root traces. 15
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margins of the primary body and larger in the middle of the ribs and center and are of various shapes in transverse 133 view (oval, elongate, triangular, rectangular, polygonal and irregular) . Longitudinal sections through the primary 134 body show that the metaxylem tracheids are slender, with acute tips ( fig. 3g ). Scalariform to elliptical bordered pits, 135 or 2-to 3-seriate circular bordered pits are present ( fig. 3h ). The scalariform bars are 3.0-7.8 μm high; the elliptical 136 bordered pits are 10-45 μm in long axis and 5.0-10 μm in short axis; the circular ones are 5.5-12 μm in diameter. The 137 apertures are elliptical, horizontally oriented or slightly inclined, 2.9-36 μm wide and 0.7-5.3 μm high ( fig. 3i) . 138
Secondary xylem. The secondary xylem is composed of tracheids and rays in various shapes. In transverse view, 139 files of secondary xylem tracheids arise from the periphery of the primary body and extend outwards to 0.4-4.5 mm, 140 up to 63 cells thick ( fig. 3a) . Tracheid sizes increase along the file centrifugally, ranging from 11 to 113 μm in radial 141 diameter and 10-153 μm in tangential diameter. Like the metaxylem tracheids, the secondary xylem tracheids have 142 various shapes in transverse section, e.g., circular, oval, square, rectangular, elongate, polygonal or irregular, but are 143 usually identical in the same file. The tracheid files are crowded in early development because of their origination 144 from the concave margin of the primary xylem, which leads to the distortion of some tracheids and the termination of 145 some files (fig. 2e, right arrow; 3c, arrow) . As the secondary xylem extends outwards, some early files disappear, and 146 new files initiate between the original rows. Some areas of the secondary xylem show tracheid files being interrupted 147 and then resumed by a greater number of new files with smaller tracheids (fig. 2b, square; 3e) . Each 2-6 files of 148 tracheids are separated by thin gaps where rays are barely visible. Tracheid files are occasionally separated by cracks, 149 some 2-3 tracheids wide, where broken ray cells are sometimes visible (fig. 3a, arrows; 3f) . In serial transections of 150 specimen PKUB15208, the secondary xylem cylinder of the larger axis exhibits a noticeable, nearly continuous 151 boundary at the position of about half radius; the tracheids that form the boundary are smaller relative to those of 152 each side, which probably indicates some sort of abrupt change but then resumption of normal growth (fig. 11a-11c, 153 arrows) . 154
Longitudinal sections demonstrate both tangential and radial facets of the secondary xylem ( fig. 4a, 4e ). Tracheids 155 in longitudinal sections have tapering ends, the maximum measured tracheid length is about 3.9 mm. The pits on the 156 8 tangential and radial walls of tracheids are nearly identical, they are scalariform to elliptically bordered with 157 horizontal or slightly oblique apertures (fig. 4c, 4d, 4f, 4g, 4i-4k) . Pits are 1-to 3-seriate. The scalariform bars are 3.9-158 9.4 μm high, and the elliptical bordered pits measure 7.2-34 μm in long axis and 4.5-12 μm in short axis. The 159 apertures are 4.0-40 μm wide and 1.4-5.6 μm high. In tangential section, rays are abundant among tracheids, 1 to at 160 least 41 cells (1.1 mm) high and 1-4 cells (0.1 mm) wide ( fig. 4a, 4b) ; ray cells are thin-walled, round, oval to 161 elongate, measuring 6.2-83 μm in width or height. Sometimes the parenchyma walls are so broken that cells are 162 uncountable. In radial view, some rays are horizontally arranged and minor, only 3-10 cells high and up to at least 6 163 cells long; ray cells appear rectangular, long axis 26-120 μm and short axis 11-40 μm ( fig. 4h ). Other rays are higher, 164 up to 118 cells (2.3 mm) and irregular in shape because of the nonuniform directions of the tracheid files and the 165 obliquity of the rays with respect to the section, where the ray cells are often too broken to count (fig. 4e, 9, gray 166 regions). Pits in cross fields were not observed. 167
168

Smaller axes 169
Some transverse sections exhibit distinct smaller axes that are terete, 0.8-3.0 mm diameter, differing from the larger 170 axis in the same section mainly in size (fig. 5, 6, 7a, 7e) . In the serial transverse sections of a specimen, the relative 171 position of the smaller axis/axes to the larger axis shift dramatically ( fig. 5, 6 ). The xylem architecture of smaller axes 172 resembles that of larger axes, with a small three-ribbed protostele of 0.3-0.9 mm wide and relatively extensive 173 secondary xylem ( fig. 7h, 7i ). The maturation of the primary xylem is mesarch ( fig. 7c, 7f ), except in specimen 174 PKUB15209 where protoxylem lacunae are not visible ( fig. 8h ). The tracheids of the protoxylem or early metaxylem 175 are circular to oval in transverse section, 4.2-11 μm in diameter. Scalariform thickenings can be observed on the 176 metaxylem tracheid walls from an oblique transverse section of the smaller axis ( fig. 7g ). Most metaxylem tracheids 177 are large, 13-47 μm in diameter and various in shape, while the outermost are usually small and form a clear 178 boundary between the primary body and the secondary xylem ( fig. 7b) . 179
The secondary xylem of the smaller axis reaches 20 cells (1.2 mm) thick, occupying a prominent proportion in 180 9 transverse section, which is nearly identical to, though not as extensive as, that of the larger axis. 1 to 4 tracheid files 181 are separated by slits which are possibly filled with rays ( fig. 7i) fig. 9, t4, t5 ). Complementary transverse sections were cut from specimen PKUB15208 ( fig. 11a-11c) . 191
An oblique longitudinal view of the adventitous root trace (t3 in fig. 9 ) is seen in fig. 10a ; it is intruded by a 192 horizontal crack which extends into the center of the parent axis. Proximally (on the right in the photograph), the 193 central tracheids are perpendicular to those of the parent axis, whereas those above and below curve inward, and all 194 become parallel distally (left side). The trace is approximately 0.3 mm high (diameter). The tracheids are 6.6-20 μm 195 in width. A second trace (t1 in fig. 9 ) is seen in fig. 10b which crosses the plane of section over a more extended 196 distance. The proximal (on the left in the photograph), central xylem cells are perpendicular to those of the parent 197 axis, whereas those above and below curve inwards symmetrically to become parallel to the trace. Annular to 198 scalariform thickenings are observed on some tracheid walls ( fig. 10c) . A third trace (t2 in fig. 9 ) seen in transverse 199 view (tangential to the parent axis) is shown in two adjacent sections ( fig. 10e, 10f) ; it is oval and 0.9-1.0 mm in 200 diameter. The primary stele is not visible in the traces (e.g. fig. 10e ), certainly no three-lobed stele with protoxylem 201 lacunae is present. Some tracheids of the trace are aligned in slightly meandering files radiating from the center, 202 probably representing secondary xylem. Most are 11-22 μm in diameter, but other tracheids are significantly larger 203 and up to 62 μm in diameter ( fig. 10e) . 204
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The passage of some traces which are not directly intersected by the planes of our sections can only be interpreted 205 from the conspicuous knotting of the parent axis wood. These areas, where xylem cell orientation is rotated by up to 206
90
o in the tangential plane, accommodate the trace growth. They are much larger than the traces themselves, and are 207 observed in both longitudinal ( fig. 10g, 10h, 10i ) and transverse ( fig. 11e, 11i, 12c, 12d) sections. When tracheids 208 adjacent to the trace are rotated at right angles to the parent axis, pits are visible on the walls ( fig. 11f ). Big splits 209 between tracheid files filled with probable parenchyma ray cells in transverse section of the parent axis ( fig. 8b ) may 210 also indicate the position of adventitious root traces. In longitudinal section of the parent axis, large rays often 211 accompany traces ( fig. 10g, 10h , arrows), and adjacent rotated xylem tracheids even appear as files as in transverse 212 view ( fig. 10b, 10g-10i ). These rays associated with the traces are distinct from other rays in the parent axis wood and 213 might be the result of the fusion of several rays in disturbed wood. In some extant lignophytes, unusually large rays 214 are believed to be linked with the production of adventitious roots (Fink 1982) . 215
It is uncertain whether the adventitious root traces are connected to the primary stele or not, and it is rarely possible 216 to infer a set pattern of trace emission. In transverse sections of the parent axis, root traces are usually located 217 opposite the primary xylem ribs, occasionally very close to the protoxylem strand (fig. 11d) ; in most cases, traces 218 appear to have arisen from a more outward position in the secondary xylem of the parent axis ( fig. 8b ). In some 219 locations, two traces were produced opposite one primary xylem rib ( fig. 11g) , rather than the more common situation 220 with a single trace. Serial longitudinal sections of an axis around 8.3 mm long show three definite traces (t1-t3) and 221 two locations (t4-t5) where traces have passed close by ( fig. 9, 10 ). Here traces t2-t4 occur at approximately the same 222 level but t1 and t5 are isolated. Trace t1, t2 and t3 are probably emitted perpendicularly to the parent axis, whereas 223 trace t4 and t5 appear to ascend and descend through the wood from their points of origin. Famennian of Hubei province, has peripheral mesarch protoxylem strands, but the three narrow ribs are narrowest 241 near the center of the stele, quite distinct from the broad triangle of Pleurorhizoxylon, and no protoxylem lacunae are 242 found (Wang DM and Liu 2015) . 243
The triangular primary xylem at first glance recalls that of Sphenophyllum, a plant first known from the Late 244
Devonian and best known from the Carboniferous. Sphenophyllum is recognized primarily from compressions of 245 their wedge-shaped leaves which are arranged in whorls, and as a small understory plant. Most Sphenophyllum, 246 where the anatomy is known, such as S. plurifoliatum, have exarch protoxylem maturation (Baxter 1948; Zhao 1989) , 247 the protoxylem distributed at the extremity of the corners of the primary stele. This form is clearly distinct from the 248 apparent mesarch protoxylem found in Pleurorhizoxylon. However, in a second type currently referred to but this is not illustrated. They also stated that fragments of spiral tracheids are also found in the canal itself. The 253 lacuna is also illustrated by Solms-Laubach (1896) , where the smaller cells appear to form the inner extent of radial 254 files of secondary xylem. Both these interpretations suggest that the xylem maturation is more or less exarch despite 255 the presence of the mesarch protoxylem lacunae, but exact interpretation would depend on extremely good 256 preservation and unambiguous preparation of the very small protoxylem area. Baxter (1948) also recognised 257 protoxylem lacunae in some of the specimens he attributed to S. plurifoliatum from the Carboniferous of Iowa. 258
Sphenophyllum perforatum also has apparent protoxylem lacunae and is distinguished from S. insigne by the 259 narrowness of the xylem ribs (Koopmans 1928) . The stelar architecture of Pleurorhizoxylon seems closer to the "permanent protoxylem" group, termed 268 "Moniliformopses" by Kenrick and Crane (1997) Table 2 ). 280
The mesarch protoxylem strand of euphyllophytes has been discussed by Scheckler et al. (2006) cladoxylopsid Rhymokalon Scheckler 1975, and forms a conspicuous cavity by stretching and destruction of the 290 innermost (first formed) tracheids of a mesarch protoxylem strand during early development. We prefer that the 291 protoxylem lacunae near the end of xylem ribs in Pleurorhizoxylon are more likely a result of the stretching or 292 degradation of the central tracheids of protoxylem as no parenchyma cells are seen in the cavity on the transverse 293 section, and therefore might be included in the second type. Unfortunately, however, we are unable to provide a 294 longitudinal view of the protoxylem strand in Pleurorhizoxylon yixingense to confirm the absence of xylem 295 parenchyma cells. We agree that the "peripheral loop" or "protoxylem lacuna/cavity", though remaining unsupported 296 by histological evidence (Cordi and Stein 2005) , is a real existing structure and may eventually have some 297 significance for unraveling the phylogeny of Devonian euphyllophytes (Scheckler et al. 2006) . The tangential 298 division of a protoxylem strand in fig. 2h may indicate the emission of a trace, or bifurcation of a xylem rib, but the 299 next adjacent section is not available for study. Both iridopteridalean and sphenophyllalean axes would be expected to 300 14 demonstrate nodal anatomy with long internodes. As our longest specimen is 24 mm with no sign of a node ( fig. 6) , 301
we conclude that we have only internode material available to study. 302
One question that remains would be how different developmentally the protoxylem lacunae of Pleurorhizoxylon is 303 from those of iridopteridaleans and Sphenophyllum, and indeed from the exarch state of most specimens of S. 304 plurifoliatum? In some iridopteridalean specimens, the mesarch protoxylem strand is surrounded on all sides by 305 metaxylem cells that are substantially bigger than the protoxylem (e.g. figure 6 of Stein et al. 1983) . However, in 306 many others, including many Iridopteris and Arachnoxlon specimens, the outer border of the lacuna is contained by 307 only very small xylem cells (Stein 1981 (Stein , 1982 . This suggests there might also be a continuum of forms in 308
Sphenophyllum between the completely exarch and apparently mesarch, dependant on the number, and area made up, 309 of protoxylem cells, and the exact position of the first-formed protoxylem which may be ruptured during early 310 development to form the lacuna. 311
312
Secondary wood 313
Older stems of Sphenophyllum plurifoliatum have abundant secondary xylem that is differentiated into fascicular 314 and interfascicular regions. The fascicular regions are opposite the three primary ridges with tracheid diameter 315 increasing in a distinct centrifugal pattern, while the interfascicular regions between the primary ridges have tracheids 316 whose width appears to be relatively constant (Baxter 1948; Cichan 1985) . In the fascicular areas, multiseriate 317 vascular rays are present in the wood, sometimes extending across the entire zone, and areas of parenchyma strands 318 occur in the angles between tracheids. These parenchyma strands are oriented both radially and tangentially, and this 319 latter feature is apparently unique to the secondary xylem of the genus (Eggert and Gaunt 1973). In the interfascicular 320 secondary wood, the parenchymatous system is composed of upright cells with radial processes and upright cells that 321 lack such outgrowths and was believed to be a true ray system (Cichan 1985) . The tracheids of Sphenophyllum are 322 extremely long with tapering end walls and lateral bordered pitting that is crowded and circular to elliptical (Eggert 323 V fig 23) , in an axis approaching 10 mm 325 in diameter. It is divided clearly into narrow files in the fascicular areas and wider files in the interfascicular areas. 326
Inception of new files is more common than in the plurifoliatum type. A notable boundary is present just outside the 327 diameter of the primary stele, where the number of files of cells increases suddenly and the diameter of all cells 328 decreases. Outside this zone rays are common and reach across the remaining radius of the axis. 329
Chinese Devonian exarch sphenophylls Hamatophyton and Rotafolia have wood that is not divided into fascicular 330 and interfascicular zones, and rays are either absent or inconspicuous. They also have tracheids with scalariform 331 thickenings or scalariform to elliptical/circular bordered pits on the walls (Wang DM et al. 2005 , 2006a , 2006b . 332
Some Devonian fernlike plants also developed wood, the most striking example exists in Cladoxylopsida, 333 As shown in Table 3 , none of the above taxa have secondary xylem identical to that in Pleurorhizoxylon. Firstly, 342 the secondary xylem of Pleurorhizoxylon is very well-developed and much broader than most of them, up to 63 cells 343 thick. Secondly, the secondary xylem in most members of fernlike plants or early ferns and sphenophytes (except for 344 Sphenophyllum) contain indistinct or narrow rays, while Pleurorhizoxylon yixingense has 1-4 seriate rays in tangential 345 section, some are short, and others can be as high as 41 cells. However, to some extent, the tracheids in 346
Xinicaulis lignescens
Pleurorhizoxylon have a similar pitting pattern to that in many of these genera (Polypetalophyton, Shougangia, 347
Hamatophyton and Rotafolia), with scalariform thickenings and bordered pits. Middle-Late Devonian, was thought close to early seed plants based on wood characters, having 2-6 seriate bordered 362 pits on the tangential walls and 2-10 seriate bordered pits on the radial walls (Momont et al. 2016 ). The broad 363 secondary xylem of Yiduxylon has very high biseriate rays in the wood and multiserate bordered pits of oval shape on 364 both tangential and radial walls of secondary xylem tracheids (Wang DM and Liu 2015) . 365
Despite the fact that Pleurorhizoxylon has a broad secondary xylem comparable to that in Brabantophyton and 366
Yiduxylon, as well as in some aneurophytes, we do not think the wood is identical to any in the lignophyte lineage, 367 because the secondary xylem tracheids of Pleurorhizoxylon have scalariform thickenings and most commonly 368 uniseriate bordered pits on both the tangential and radial walls, as well as 1-4 seriate rays up to at least 41 cells high. 369
It is worth noting that the circumferential augmentation of wood tracheids (doubling of xylem rows) is considered 370 by some authors (Donoghue 2005; Gerrienne et al. 2011) to be a characteristic of the lignophyte clade. Because of the 371 similarity of the primary structure with that of Sphenophyllum, we must however consider that the increase in the 372 number of xylem files radially might be caused rather by increase in the length of individual xylem cells and their 373 fusiform initials (Cichan and Taylor 1982) . Whether this process alone could account for the expansion of our largest 374
axes cannot be determined with the material to hand. and depart at an acute angle downward, in a direction opposite to that of the lateral organs. They originated from the 391 surface of the many xylem strands which form a ring near the outside of the trunk, grew long and branched 392 dichotomously from the tip. Similar but woody roots are also seen in Xinicaulis (Xu et al. 2017) . 393
Because of the presence of a significant amount of secondary wood in the parent axis, the adventitious root traces 394 of Pleurorhizoxylon are perhaps more comparable with those found in woody roots of lignophytes. The root traces in 395
Pleurorhizoxylon yixingense are frequently accompanied by large rays and led to accommodation in the parent axis 396 18 wood that are conspicuous in both transverse and longitudinal section, and both features are well recognized in the 397 anatomy of some lignophyte roots (Barnard 1962; Li 1986; Meyer-Berthaud et al. 2013; Decombeix et al. 2017) . In 398 the probable root of Protopitys/Stauroxylon, Decombeix et al. (2017) found conspicuous and non-permanent 399 structures crossing the secondary xylem of the axis radially and interpreted them as traces to lateral roots. The traces 400 are typically located in the areas facing the protoxylem strands, sometimes with two traces facing a single protoxylem 401 strand, and appear either as large traces that occupy a whole sector of the axis or as smaller structures that 402 superficially resemble an unusually large ray. This description is comparable with that in P. yixingense. A definite 403 trace was not observed in Protopitys/Stauroxylon's roots, nor is the structure of the trace described (Decombeix et al. of Pleurorhizoxylon has a three-ribbed protostele that is, because of the mesarch maturation and permanent lacuna 423 located near the end of each primary xylem rib, most similar to euphyllophytes of the Moniliformopses group (e.g. 424
Iridopteridales) and to Sphenophyllum insigne. The well-developed secondary xylem of Pleurorhizoxylon possesses 425 scalariform to elliptical bordered pits on both tangential and radial walls of tracheids, more similar with those in the 426
Moniliformopses group rather than those in contemporaneous Radiatopses. Because of the broadly triangular 427 protostele, and the presence of significant secondary wood, Pleurorhizoxylon is perhaps closer to Sphenophyllum 428 insigne than to Iridopteridales. An obvious difference from Sphenophyllum is that Pleurorhizoxylon wood is not 429 divided into fascicular and interfascicular zones, but this is also true of the other Chinese Devonian sphenophylls. showing the small primary stele surrounded by extensive secondary xylem. PKUB15201/03, PKUB15202/03. c, 569
Enlargement of the center in fig. 2a , showing a three-ribbed primary stele, with the protoxylem lacunae located near 570 the end of each rib. d, Enlargement of secondary xylem tracheid files in fig. 2a (rectangle) separated by a crack. e,  571 The three-ribbed primary stele of axis in fig. 2b in a different section. Right arrow shows termination of an early 572 tracheid file. PKUB15202/02. f, g, Enlargements of the primary rib end in fig. 2c (arrow) and fig. 2e (left arrow) , 573 respectively, showing the protoxylem lacuna and mesarch maturation. h, The same rib end as in fig. 2g in a different 574 section, showing a protoxylem strand dividing into two. PKUB15202/06. Scale bars = 1 mm (a, b), 200 μm (c-e) or 575 100 μm (f-h). 576 fig. 3a, 3b ) of the same axis as in fig. 3a , showing metaxylem tracheids slender with acute tips. 587 PKUB15204/L04. h, Scalariform to bordered pits on the tracheid walls of metaxylem in the same section in fig. 3g . i, 588
Bordered pits on metaxylem tracheid walls in fig. 3g ( fig. 3a ). PKUB15204/L03. b, Rays and pit pairs in tangential section (the same section in fig. 4a ). 592 c, d, Scalariform thickenings to bordered pits on the tracheid walls of secondary xylem in tangential section (the same 593 section as in fig. 4a ). e, Secondary xylem in longitudinal section (radial, L04 in fig. 3a , the same section in fig. 3g) , 594 showing tracheids and rays. f, g, Scalariform thickenings to bordered pits on the tracheid walls of secondary xylem in 595 radial section (the same section as in fig. 3g ). h, Rectangular parenchyma ray cells in radial section (the same section 596 as in fig. 3g ). i-k, Secondary xylem tracheids observed under SEM, showing bordered pits and pit apertures. 597 PKUB15203. Scale bars = 200 μm (a, e), 50 μm (b, h), 20 μm (c, d, f, g, i) , 10 μm (j) or 5 μm (k). 598 
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/ Specimen prepared for SEM observation.
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